INTRODUCTION
In February 2001, the`complete' human genome was published to a draft sequence level (1, 2) . Assembly of the pieces of the human genome, whether using a clone-based method as with the public effort or through shotgun sequencing as with the private endeavor, is not a trivial task. Events such as repetitive elements (3, 4) , gene duplication (5) and segmental duplications (6) within the human genome contribute to the complexity of genomic assembly. A growing number of projects including transcriptional analysis (7), SNP detection and characterization (8) , gene ®nding (9) and EST clustering (10, 11) require the sequence of the human genome as a template for mining data. Therefore, a consistent and correct assembly is imperative. The comparisons outlined here are based on the August 6, 2001 release of the University of California±Santa Cruz's Goldenpath and the National Center for Biotechnology Information (NCBI) human genome contigs build 26 (based on data through September 24, 2001) .
One widely used assembly of the human genome is the Goldenpath assembly produced by a group at the University of California±Santa Cruz. The Goldenpath assembly begins with a greedy algorithm to build an initial set of sequence contigs and then uses mRNA, paired plasmid ends, ESTs, BAC end pairs, BAC ®ngerprint maps and additional information to order and orient these individual contigs into larger assemblies (12) . The August 6, 2001 release assembled a total of 2.88 GB of sequence data into contigs representing over 92% of the human genome (see http://genome.cse.ucsc.edu/cgi-bin/ crom.cgi.init).
The NCBI maintain their own assembly of the human genome based on the current GenBank (13) entries. The contig assembly process they employ is discussed on their web site (http://www.ncbi.nlm.nih.gov/genome/guide/build.html# contig) and is summarized here. Individual clones are assigned a chromosome based on three factors: annotation contained within the GenBank record, the presence of at least three STS markers that have been mapped to the same chromosome, or personal communication from a sequencing center. Con¯icting sequence overlaps and redundant clones are ®ltered. The remaining clones are constructed into contigs based on sequence overlap. The contigs are organized into melds, which are ordered and oriented based on ESTs, mRNAs, paired plasmid reads and annotation information concerning order and orientation provided by the submitting groups. Build 26 assembled a total of 2.86 GB of sequence data into contigs (http://www.ncbi.nlm.nih.gov/genome/ guide/human/HsStats.html), or slightly less than the Goldenpath August 6, 2001 release.
In order to aid the detection of regions of similarities between assemblies at the sequence level, a tool called MULTI was developed. MULTI allows for the ef®cient searching of regions of similarity by using a deterministic ®nite automaton (DFA) approach.
MATERIALS AND METHODS

Data retrieval
The August 6, 2001 Goldenpath assembly by chromosome was downloaded from http://genome.cse.ucsc.edu/ goldenPath/06aug2001/chromosomes/. The ®les downloaded include chr1.zip, chr2.zip, chr3.zip, chr4.zip, chr5.zip, chr6.zip, chr7.zip, chr8.zip, chr9.zip, chr10.zip, chr11.zip, chr12.zip, chr13.zip, chr14.zip, chr15.zip, chr16.zip, chr17.zip, chr18.zip, chr19.zip, chr20.zip, chr21.zip, chr22.zip, chrX.zip and chrY.zip. Each of these ®les represents a zipped fasta representation of the assembled individual chromosome sequences. In addition, the ®le chromAgp.zip was downloaded from http://genome.cse.ucsc. edu/goldenPath/06aug2001/bigZips/. Information pertaining to the order and orientation of individual GenBank entries used to construct each chromosome is described in this ®le.
The contigs for each NCBI chromosome were downloaded from the url ftp://ncbi.nlm.nih.gov/genomes/ H_sapiens/. Included were the ®les hs_chr1.fa.gz, hs_chr2.fa.gz, hs_chr3.fa.gz, hs_chr4.fa.gz, hs_chr5.fa.gz, hs_chr6.fa.gz, hs_chr7.fa.gz, hs_chr8.fa.gz, hs_chr9.fa.gz, hs_chr10.fa.gz, hs_chr11.fa.gz, hs_chr12.fa.gz, hs_ chr13.fa.gz, hs_chr14.fa.gz, hs_chr15.fa.gz, hs_chr16.fa.gz, hs_chr17.fa.gz, hs_chr18.fa.gz, hs_chr19.fa.gz, hs_ chr20.fa.gz, hs_chr21.fa.gz, hs_chr22.fa.gz, hs_chrX.fa.gz and hs_chrY.fa.gz. Each of these ®les represents the individual gzip compressed fasta sequences for the contigs within each respective chromosome. However, these individual ®les do not represent the actual ordering and orientation of the contigs relative to one another. The ®le seq_contig.md contains this information and was therefore downloaded. An assembly of each individual chromosome was constructed using the seq_contig.md ®le as a guide. In the cases where the orientation of an individual clone is unknown, the clone was left in the orientation provided by the GenBank entry. The ®le allcontig.agp.build26.gz was downloaded as well since it contains order and orientation information for the individual GenBank entries used to construct each contig. A list of the order and orientation of individual clones used to construct a chromosomal assembly was created using both the allcontig. agp.build26.gz and seq_contig.md ®les.
Order and orientation comparisons
The ®rst comparison examined the order and orientation of individual GenBank entries used to assemble individual chromosomes. The NCBI data set was compared with the Goldenpath data set in an entry-by-entry fashion. Graphs were drawn to indicate the relationship between the order and orientation of GenBank entries. In addition, a table comparing the order and orientation of entries used in the assemblies was created.
Sequence comparisons
Sequence-based comparisons were made using a DFA-based approach called MULTI. MULTI sets up a DFA based on the contents of a target sequence. A query sequence is compared with the target sequence looking for exact nmers in the DFA where n is set by the user. For the genome assembly comparisons, the word size n was set to be 1000, since two separate assemblies of the human genome would be expected to contain large regions of identity. Lowering the value of n would result in a slower but more ®nely grained comparison. A step size of 500 was used in generating search windows. This means that, in the query sequence, windows of 1000mers are searched against all of the possible 1000mers in the target data set, shifting by a 500 nt window each time. For instance, the ®rst 1000mer searched was the one occurring from bases 1 to 1000, the second was located at bases 500 to 1499, the third from 1000 to 1999 and so on.
Assembly differences were classi®ed as major if the contig or orientation differed, or if there is an insertion or deletion >1 kb. All other assembly differences were classi®ed as minor.
MULTI
MULTI is a computationally ef®cient database search tool designed to make ef®cient use of system RAM as well as CPU resources. Like BLASTN (14) , MULTI builds a suf®x tree storing a set of search words derived from the query sequences and then converts this suf®x tree to a DFA. After the DFA has been constructed, a target database can be scanned in linear time, simultaneously searching for matches between the target database and any of the query sequences. In searching for near identity matches, the words used to build the DFA can be made long enough that few false positive word matches will occur. As long as the DFA is resident in RAM, the time required to scan a ®xed-size target database is essentially constant and does not depend on the query length or number of query words stored in the DFA. Maximal computational ef®ciency is achieved when the DFA occupies the maximal fraction of available physical RAM. Preprocessing scripts to aggregate short queries have been implemented (15) , but it is dif®cult to optimize memory use in BLAST or MUMMER because the size of the DFA depends on the length and redundancy of the query sequence. MULTI optimizes use of system resources by allowing the user to specify explicitly the amount of RAM available for the DFA. The program loads multiple query sequences sequentially into the suf®x tree until no additional query words can be stored in the available RAM. Redundancy between queries results in sharing of nodes in the upper levels of the suf®x tree and some additional ef®ciency in RAM utilization. As a result, storing a set of queries with aggregate length 2L does not require twice the storage as a set of queries with aggregate length L.
Biological sequences are not random, and the presence of repetitive sequences can result in false positives in sequence similarity searches (16) . To suppress these false positives and optimize memory use, both the query sequence and the target database are masked using XNU (16) . MULTI further optimizes the use of available memory resources by allowing the user to specify the stride between search words explicitly. For a near identity search using a long word length in constructing the DFA, very little information is gained by using sequential overlapping search words. For example, if the query and target sequences are expected to be 99% identical and the search words have length 20, then there is an 82% chance that a word in a true alignment will be a perfect match, resulting in a positive identi®cation of the alignment. Conversely, if a given search word fails to match, then there is only a 5% chance that the next sequentially derived search word will be a perfect match because a mismatch anywhere, except the ®rst position, will be present in the overlapping search word as well. Using a stride length equal to or longer than the search word length between adjacent search words guarantees that there will be no overlap and that each word in the DFA will contribute a maximal amount of information to the search engine. For near identity searches, very high sensitivity can be achieved even when a sparse set of search words is used. The probability of missing an alignment altogether is the product of the probabilities for missing each search word individually. Thus, the search sensitivity, Sn is
where N w is the number of search words in the query derived from the aligned region, L w is the length of a search word and f id is the fraction identity in the alignment. For an EST of length 200 with search words generated every 20th nucleotide, there will be 10 search words. If the fraction identity in the alignment is expected to be 99% (the single read sequencing error rate), then the probability that any given search word will fail to be a perfect match is 18% and the probability that all 10 search words will fail to match is 4e ± 8. Increasing the stride between adjacent search words entered in the DFA from 1 to 20 nt decreases the number of words per query sequence by a factor of 20 and increases the number of query sequences that can be searched simultaneously by a corresponding factor of 20.
Very long query words can be used for genomic sequence assembly comparisons between a pair of ®nished genomic assemblies. For convenience, we selected a word size of 1000 nt with a stride of 500 nt between words. Assuming that both assemblies are accurate to the NIH error rate of less than 1e ± 4, a 1000mer in the query would have, at most, a 10% chance of having an error and the target word would have, at most, a 10% chance of containing a sequencing error. If the errors in the query and target words were independent, 81% of 1000mers will still match. Since the query and target assemblies are derived from the same raw data, the errors are likely to be highly correlated and this can be viewed as a lower limit. The sensitivity for detecting an overlap length of 10 kb or longer is >99.99%. An advantage of the DFA algorithm implemented in MULTI is that very long word sizes can be used in building the DFA (1000 in the case of genome assembly comparisons). As a result, matches identi®ed by DFA hits are highly speci®c. The probability of an exact 1000 nt match occurring at random is essentially zero, but false matches can occur between near identical repeats in the genome.
MULTI only attempts to identify the aligned regions and generates an output that the user can then use to retrieve and align the relevant subsequences using other programs. A dynamic programming algorithm is used to order individual word matches derived from each query±target pair into sets consistent with a continuous alignment. MULTI implements a banded search that is linear time in the combined length of the query plus target sequences. During the course of this work, several other tools for ef®cient genome to genome comparison were developed (17±20). A full comparison of these tools is beyond the scope of this paper.
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RESULTS
Clone ordering
These graphs show large areas of agreement. The assemblies for chromosomes 20, 21, 22 and Y produced the most consistent results. This occurred since the NCBI and UCSC assemblies are based on those constructed at the centers that sequenced these chromosomes (http://genome.cse.ucsc.edu/ goldenPath/limits.html). The centers include the Max Plank Institute and RIKEN (chromosome 21) (21), the Sanger Centre (chromosomes 20 and 22) (22, 23) and Washington University (chromosome Y). A large gap exists in the chromosome 21 accession comparison. After further examination, it was determined that the Goldenpath assembly used GenBank entries submitted for chromosome 21 that break the chromosome into 340 kb fragments while the NCBI assembly was based on the actual sequenced clones. Both produced the same sequence assembly.
For the assemblies not originating from the same source (unlike chromosomes 20, 21, 22 and Y), there were 1  3088  9  1  11  30  455  2593  2  2134  3  0  50  15  252  1864  3  2078  2  0  28  7  232  1837  4  1765  11  5  150  17  130  1602  5  2348  13  1  0  14  322  1998  6  2337  7  0  0  12  450  1868  7  1716  1  0  10  9  218  1488  8 were several entries inconsistently assigned to different chromosomal arms. The centromere was represented by a gap in each sequence. The orientation of clones was also inconsistent. Table 3 summarizes the orientation of GenBank entries. 92% (25 703 out of 27 948) of the GenBank entries were consistently ordered within a 10% distance threshold in both assemblies. Only 67% (18 729 out of 27 948) of the entries were consistently oriented in the assemblies. 28% (7859 out of 27 948) of the entries were inconsistently oriented and 4% (1360 out of 27 948) had an unknown orientation. These results suggest that ordering clones is a more reliable process than orientation.
In order to determine the role of the sequence quality in determining order and orientation, the data in Table 3 were separated according to whether an individual clone sequence status was draft or ®nished (data not shown). Slightly more than half of the clone entries (51.7%; 14 459 out of 27 948) shared in the NCBI and Goldenpath assemblies are draft sequences while slightly less than half (48.3%; 13 489 out of 27 948) are ®nished.
Finished sequences are more likely to be consistently oriented than draft sequences in the two assemblies. 83.1% (11 214 out of 13 489) of all ®nished sequences are consistently oriented, compared with 52.0% (7515 out of 14 459) of all draft sequences. 14.0% (1888 out of 13 489) of ®nished sequences are inconsistently oriented while 41.3% (5971 out of 14 459) of the draft sequences show inconsistent orientation. In addition, the orientation for 2.9% (387 out of 13 489) of ®nished sequence and 6.7% (973 out of 14 459) of draft sequence is unknown.
Finished sequence also tends to be ordered more consistently in the assemblies. 94.1% (12 696 out of 13 489) of all ®nished sequences are consistently ordered within a given threshold. In comparison, 90.0% (13 007 out of 14 459) of draft sequences maintain a consistent order. Figure 2 shows the results from the sequence level comparisons. The results appear to be consistent with the ordering and orienting graphs. In addition, these graphs show how repetitive chromosomal regions can be as indicated by regions that have more than one polygon connecting them. The results for chromosome Y are particularly useful in this respect since the assemblies were identical, with the exception of the variable lengths of gaps. Table 4 indicates the number of bases that MULTI matched where the orientation was the same in both assemblies, as well as those where the orientation was different. The MULTI results should be used with caution for a couple of reasons. First of all, the orientation of 4% of the GenBank entries used in the assemblies was unknown. Since the rules used to create the NCBI assembly keep such regions in the original orientation, false inconsistencies in the orientation in these regions can be reported. In addition, MULTI allows for a single region to match multiple regions. Since the human genome is far from unique, many longer exact repeats will be a The orientation of a GenBank entry is considered consistent if the entry occurs in the same orientation in both the NCBI and Goldenpath assemblies. b An inconsistent orientation occurs when the orientation of the entry is different in both assemblies. c In the case that the orientation is marked as unknown in at least one of the assemblies, the entry is marked with an unknown orientation. The distance threshold used means that the GenBank entry positions must agree within 10% in both assemblies. length and >98% identity. Even if all of these segmental duplications occurred on the same chromosome and in different orientation, they could not account for 20% of all matched regions. Thus, there was a large amount of inconsistently oriented data between the NCBI and Goldenpath assemblies.
Sequence level
Length to next major mismatch
In order to help determine the con®dence in the assembly of any particular chromosome, we calculated a metric to determine the expected nucleotide length to the next major mismatch between the NCBI and UCSC assemblies. Each matching MULTI block includes beginning and end positions within the NCBI and UCSC assemblies. Consecutive matching blocks were compared to determine whether or not they should be merged together. The nucleotide distance between two consecutive blocks was calculated for both assemblies. The distance for each of these was compared. If the difference was <1 kb, then the two blocks were merged together. Otherwise they were kept separate. Once merging of consecutive blocks was ®nished, the length of each block was stored. For each chromosome, the percentage of nucleotides with at least 1, 10, 100, 1000, 10 000, 10 5 , 10 6 , 10 7 and 10 8 bases before the end of a block was calculated. This gave a measure of the agreement between the UCSC and NCBI assemblies.
The results for the chromosomes with the longest length to next mismatch (chromosome 20), shortest length to next mismatch (chromosome 4) and all chromosomes are given in Figure 3 . The graphs shown indicate a length to next major mismatch when only draft sequences are considered, when only ®nished sequences are considered and when both draft and ®nished sequences are considered. The data used to construct the graphs of Figure 3 are provided in Table 5 . Examination of the data in Table 5 indicates that the agreement falls off between 10 and 100 kb when only major mismatches in the draft sequence are considered, which is roughly the size of an individual clone. If only ®nished data are considered, the length to the next major mismatch increases considerably. In order to illustrate this point further, the N50 consistent fragment lengths were calculated (Table 6) . N50 is the length L such that 50% of the sequence lies in contigs of at least L (1). The huge size of the contigs is not surprising. The data in Table 6 illustrate that the N50 lengths, when only ®nished data are considered, are typically several times the length of the N50 fragments when only draft sequences are considered. This suggests that regions that have been ®nished are more likely to maintain a consistent ordering between both the NCBI and Goldenpath assemblies. In fact, when all of the locations of major mismatches are considered (data not shown), >94% occur in regions of the assembly involving draft sequence data.
Major mismatches could result due to differences in gap length, repetitive regions and assembly errors or discrepancies. In order to illustrate these differences, dot plots of the NCBI versus UCSC assembly for chromosomes 5 and Y are shown in Figure 4A and B. The degree of agreement on chromosome Y is due to the fact that both assemblies are the same. Matches on chromosome Y that are not along the major diagonal represent repetitive regions. Each of these is labeled as a mismatch in the earlier analysis. The dot plot for chromosome 5 indicates a larger assembly discrepancy between UCSC and NCBI. Figure 4C shows a dot plot for the UCSC assembly against itself for comparison purposes. By looking at Figure 4A and C, it can be seen that there are a number of potential large scale repeats on chromosome 5. However, many of these may be due to errors in the UCSC assembly. In addition, a comparison of the major diagonals of Figure 4A and C shows that there are quite a few breaks in agreement between the UCSC and NCBI assemblies, suggesting that care must be taken when analyzing information gathered by looking at assembly data.
DISCUSSION
Which assembly is better?
Due to the substantial discrepancies demonstrated between the NCBI and Goldenpath assemblies, it is important to understand the strengths and limitations of each in order to perform meaningful studies on genomic regions. Without knowing the actual correct assembly, it is dif®cult to determine which produces the correct results. However, con®rmed mapping data can be used to measure the correctness of the two assemblies. Recent articles have discussed assembly comparisons within different regions (24, 25) . Christian et al. (24) studied the order and orientation of 50 STS markers with multiple sources of mapping data anchored in a 15-MB region of chromosome 13 linked to bipolar disorder and schizophrenia. In their analysis of these markers within the NCBI and UCSC Goldenpath assemblies, they ordered markers were compared. Both the NCBI and UCSC assemblies include the duplication of three markers. Eight markers are deleted in the NCBI assembly while ten are not found in the UCSC data. Thirteen markers are rearranged in the NCBI data set while ®ve are rearranged in the Goldenpath. Additionally, in the original April 2001 NCBI data set, a total of 15 MB, not belonging to this region, was removed. If this were to remain, the rate of misassemblies would greatly increase for the NCBI assembly.
Based on the descriptions of the respective assembly protocols (discussed in the Introduction), it appears as though the NCBI and UCSC assemblies have a basic difference. It Table 5 . Figure 3 . The percentage of nucleotides having a length to the next mismatch at least as large as the value in the ®rst column is given for chromosomes 4 and 20 as well as for all of the chromosomes combined. The length to the next major mismatch is computed for three different cases: (i) only major mismatches in draft sequence are considered, (ii) only major mismatches in ®nished sequence are considered and (iii) major mismatches in either draft or ®nished sequence are considered.
seems as though the NCBI assembly relies heavily on the individual sequencing centers and their annotation for clone order and orientation. At the same time, it appears as though the UCSC assembly uses more independent veri®cation for clone placement. Kent and Haussler (12) tested their GigAssembler program (used to create the Goldenpath assembly) using different arti®cial data sets. Their simulations demonstrate that, on average,~10% of all fragments are oriented incorrectly whilẽ 13±15% are ordered incorrectly. They also suggest on their web site (http://genome.cse.ucsc.edu/FAQ.html#123) that the NCBI assembly shows slightly better local order and orientation when compared with the UCSC assembly. However, the NCBI assembly has somewhat worse tracking of chromosomal level maps.
The results of these independent studies suggest that neither of the assemblies is superior to the other. The study by Christian et al. (24) indicates the NCBI assembly may be more accurate in determining order, while the UCSC Goldenpath is more accurate in determining orientation. However, this study only looked at 50 markers within a small region of the genome and, therefore, cannot be reliably extrapolated to the genome as a whole. Whole genome assembly is a daunting task. It is safe to say that, no matter which assembly is studied, errors in order and orientation are likely to exist. In fact, it is possible that errors in the order and orientation of clones used in the NCBI and UCSC assemblies are consistent with each other, but not with the actual sequence.
Use of genome assembly information
The availability of public assemblies of the human genome has opened the doors to a vast amount of research that can now be performed. However, as we have demonstrated, this information should be used carefully at this time since it is not a perfect product. Analysis of assembled regions containing only ®nished clones are more likely to sustain consistent ordering and orientation than those containing draft clones as well.
Large-scale genomic duplications within the genome present many challenges to assembly (6) . Thus, it may be important to understand whether or not an assembled region being studied contains duplications. Tandem repeats pose similar problems, especially if they are under-represented in the clone libraries. If it is known that the region of interest contains tandem repeats, current assemblies should not be relied upon to determine the exact copy number accurately. This can greatly affect the distance between two markers, and skew statistics based on physical distance.
Another thing to keep in mind in analysis is where gaps occur within the assemblies. While the length of gaps can be estimated, they cannot be completely determined until they are closed. This is especially important to be aware of if a feature of interest lies near the beginning or ending of a contig, or if it bridges two different contigs. In the latter case, inconsistent orientation between two separate contigs could cause problems.
The best method to determine whether or not the region of interest is consistent is to compare it to a map of markers where the map is con®rmed from multiple sources. This will only assure the correct order and orientation of the markers. Sequences falling in between markers cannot be completely ruled out as containing incorrect order and orientation. The results of our studies show a greater consistency among the assemblies when only ®nished contigs are considered. As more ®nished data become available, the various assemblies seem to converge to agreement. This is most visible when looking at chromosomes 20, 21, 22 and Y in Figure 2 . However, there is still at least 50% of the human genome available only at the rough-draft level. Incorporation of the rough-draft sequence data introduces more inconsistencies both in terms of ordering and orientation. Deloukas et al. (23) discuss a comparison of a rough draft assembly for chromosome 20 versus the ®nished sequence and illustrate how errors were introduced at the rough-draft level.
The public effort to provide a single human genome assembly has been coordinated as of the December 22, 2001 UCSC Goldenpath assembly (released in February 2002) and GenBank build 28 (see http://genome.ucsc.edu/ for more details). Hopefully this collaboration on a single assembly will help to correct the ordering and orientation inconsistencies seen through our analysis with previous assemblies.
